In this paper, we analyze the throughput of a directsequence spread spectrum multiple access (DS/SSMA) unslotted ALOHA system with variable length data traffic. The system is analyzed for two cases: 1) systems without channel load sensing protocol (CLSP) and 2) systems with CLSP. The bit-error probability and the throughput are obtained as a function of the signal-to-noise ratio (SNR) during message transmission, considering the number of overlapped messages and the amount of time overlap. We assume that the generation of data messages is Poisson distributed and that the messages are divided into packets before transmission. The system is modeled as a Markov chain under the assumption that the number of packets in a message is geometrically distributed with a constant packet length. The throughput variance of the DS/SSMA unslotted ALOHA system with variable length data traffic is obtained as the Reed-Solomon code rate varies. Results show that a significant throughput improvement can be obtained by using an error-correcting code.
slotted ALOHA system. Most previous analyses have been based on complete enumeration or were done using restricted traffic models.
There have been many studies regarding analysis and improvement of CDMA ALOHA systems. Different studies have assumed either constant or variable arrival packet lengths. Yin and Li [2] introduced a new technique to analyze the throughput of a -channel CDMA network. Their analysis of the unslotted CDMA system with a fixed packet length was based on the ballot theory considering the signal-to-noise ratio (SNR) during packet transmission. Toshimitsh et al. [3] presented a novel spread slotted ALOHA system using channel load sensing protocol (CLSP). The slot size of this system was assumed to be less than the packet size. Therefore, CLSP could be applied and the throughput of the system was improved. Sato et al. [4] analyzed a DS/SSMA unslotted ALOHA system with a fixed packet length. The packet success probability was calculated as the level of multiuser interference fluctuated during packet transmission. They also analyzed the channel load sensing protocol and found that the channel load sensing protocol improves the performance of the system. Joseph et al. [5] studied unslotted DS/SSMA channels with block forward error correction (FEC) coding. The error probability of a bit packet was calculated with a variable message length and FEC-coding in a DS/SSMA environment and throughput versus channel traffic was compared.
The major data traffic types in third-generation mobile communications will be electronic mail, file transfers, and web traffic, which can all be modeled as variable length traffic [6] , [7] . Also, in wireless communication with a high bit-error rate, generated messages are divided into packets before transmission [8] . However, previous research on DS/SSMA unslotted ALOHA systems with variable length data traffic was based on environments where generated messages were transmitted on the basis of a message. That is, generated messages were not divided into packets to be transmitted. In this paper, under the assumption that generated messages are divided into packets before transmission, the throughput of a DS/SSMA unslotted ALOHA system with variable length data traffic is analyzed and simulated. Moreover, the effect of the Reed-Solomon (RS) code for the system throughput was investigated.
This paper is organized as follows: In Section II, the system model is presented. The packet success probability and the throughput are analyzed in Section III. The system is analyzed with consideration given to CLSP in Section IV, and a computer simulation is presented in Section V. Concluding remarks are presented in Section VI. To evaluate the throughput performance of a DS/SSMA unslotted ALOHA system with variable length data traffic, we consider a single-hop spread spectrum packet radio network with the following assumptions.
1) The packet radio network consists of an infinite number of independent mobile terminals (MTs) and a hub station. The MTs are assumed to transmit messages at any bit time using a common spreading sequence. Although a common spreading sequence is used, the hub station can distinguish between the received messages if there are sufficient time offsets between received messages [9] . 2) Messages that enter into the system are generated by a
Poisson distribution with an arrival rate of and the generated messages are divided into packets. The message length is ( ) bits and each message consists of up to packets where the number of packets in a message is geometrically distributed with a mean of and a packet length is fixed at bits. In practical applications, data traffic with these characteristics may be electronic mail, file transfers [6] , and web traffic [7] .
3) Using
Reed-Solomon coding where is the block length and is the number of data bits per block, bits are correctable in a packet [10] . 4) Every transmitted packet is received with equal power. 5) Bit errors in a packet are caused by the effect of multiple access interference and additive white Gaussian noise (AWGN) [4] . The bit-error probability of an asynchronous DS/SSMA system [11] is expressed as (1) with (2) Here, is the number of chips per bit, is the number of interfering packets, is the energy per bit, is the two-sided spectral density of Gaussian noise, and is given by (3) In a DS/SSMA unslotted ALOHA system, the probability that an error occurs in a received bit is calculated as (1). 
where is a spreading factor. Since we assume that , the number of continuous packets transmitted immediately by an MT is geometrically distributed with a mean of , the probability that is is given by (6) 
B. Transition of the Number of Interfering Messages
As shown in Fig. 1 , the interference level varies during message transmission because MTs attempt to transmit messages at any bit time. When the system state is defined as the number of interfering messages, we consider the state transition during the bit duration.
When the generation of messages is assumed to be Poisson distributed with an arrival rate of , the probability that messages are transmitted during is given by messages are transmitted during (7) In a DS/SSMA unslotted ALOHA system, an MT transmits a message at any time. Here, the phrase "at any time" means "at any chip time." In general, the chip time is so small that the probability that two or more users simultaneously transmit messages at the same chip time can be neglected. For example, when the data rate is 9.6 kbits/s and the spreading factor is 30, the probability that two or more messages are transmitted during the chip duration is almost zero under the assumption that the messages are generated by a Poisson distribution. However, we assume that an MT transmits a message not at any chip time, but at any bit time. The probability that two or more messages are transmitted during the bit duration is given by (8) where is the bit duration and . Under the circumstance that kbits/s and the normalized offered load is less than 9600 bits/Hz/s, the probability that two or more messages are transmitted during the bit duration is less than 0.01%. Therefore, for simplicity, we assume that the number of messages increases by only one during the bit duration.
We also assume that the length of a message is geometrically distributed with a mean of packets and a constant packet length of bits. Therefore, although the arrival times of messages are different, the probability that messages depart at the same time is not zero. To calculate , we consider a reference message with a length of packets and a packet length of bits. If a message of length ( ) packets arrives at ( ) bits of the reference message, the message and the reference message would depart at the same time, where is a natural number between . Also, the arrival of messages can be assumed to be uniformly distributed since a Poisson process has a completely random arrival. Therefore, under the assumption that the probability that two or more messages are transmitted during the bit duration is zero, is calculated as follows:
Messages which arrived at different time depart at the same time (9) where is the maximum number of several continuous packets that an MT transmits immediately. For example, when kbits/s and bits/Hz/s, is less than 0.05%. Therefore, if we assume that the arrival times of messages are different, we can assume that the departure times of the messages are also different.
Consequently, under the assumption that the probability that two or more messages are transmitted during the bit duration is zero, the state is changed only by one during the bit duration and therefore is modeled as a birth-death process. That is, if the bit duration is very small (let the bit duration be ), then the system can be approximately modeled as a Markov chain, as shown in Fig. 2 .
To evaluate the packet success probability, we suppose a "tagged" packet ( Fig. 2) and investigate the variation in the number of interfering messages during transmission of the tagged packet. Under the assumption that the bit duration is very small, when the number of interfering messages at the th bit of the tagged packet is , the number of interfering messages: 1) increases to ; 2) decreases to ; or 3) remains the same during the bit duration.
Let be the number of messages at the first bit of the tagged packet. If messages among messages depart during the packet duration , as shown in Fig. 3 , the average service time of the messages is . Therefore, the death rate of messages is derived as [4] (10) Also, the birth rate is obtained from (4) as follows: (11) where is the offered load.
Thus, the conditional state transition probability from th bits to th bits is given by if if if otherwise.
We now evaluate the probability messages at time that messages are observed at time , as shown in Fig. 3 where the time is the first bit time of the tagged packet. In Fig. 3 , we define index sets as follows.
• Let index set denote the bit time axis where the interval between and is the packet duration which is equivalent to bits. Also, let the interval be "period ."
• Consider an index set . When observed at time , the labeled arrival is the number of messages that enter the hub station in the period ( ) and depart after time . The symbol denotes the length of message, that is, the number of packets in a message. Then at time
At time the number of messages that enter in period and depart after time at time messages arrive during period messages arrive during period (13) where , which is the probability that an MT transmits or more packets in a message immediately, is calculated as follows:
for (14) For (13), the following items can be applied.
1) The messages arrive during the period and depart after the beginning of period (after time ).
2) Only messages among messages are observed at time . We define a probability at time as the probability that the number of messages that enter into period , period , , period , , and depart from the channel after time is equal to . As packet arrivals are independently generated, the probability at time is obtained by multiplication of each at time as follows:
at time at time at time
Thus, the probability messages at time that messages are observed at time is given by messages at time At time the number of messages at time (16) where is the set . The probability messages at time is equal to the probability that we see messages in a steady state since the time can be regarded as the time observed.
C. Derivation of Packet Success Probability
To calculate the packet success probability, we define a function as follows [4] , [5] . 1) The function is the probability that the tagged packet is transmitted from the first bit to the th bit and bit errors in the tagged packet occur. Here, is the number of interfering messages at the th bit of the tagged packet.
2) The value is the number of messages that depart during the packet duration among messages when the level of interference at the first bit is . For example, means as follows.
• The number of interfering messages is four at the first bit of the tagged packet.
• The number of messages that depart during the packet duration among four messages is two.
• The number of interfering messages is five at the th bit of the tagged packet.
• The tagged packet is transmitted from the first bit to the bit and one bit-error occurs. We evaluate the function recursively based on the Markovian property of . We see that for , is zero since there are no previous bits. Therefore, is equal to , which is the probability that messages depart during the packet duration among messages when the level of interference at the first bit of the tagged packet is . Hence, we have for (17)
We assume that a certain message arrives within period . Let be the probability that the message departs during period and let be the probability that the message departs after the period (including the period ), where the period is greater than the period . Then, the ratio of to is a constant value of regardless of the arrival time of the message the message arriving during period departs during period the message arriving during period departs after period (18) Accordingly, is calculated as follows: (19) where is obtained by (16). When is not the first bit of the tagged packet , the probability that the packet transmitted from the first bit to the th bit has bit errors is calculated recursively as follows: (20) The case that errors occur from the first bit to the th bit can be described as follows: 1) errors occur from the first bit to the th bit and no errors exist in the next bit. 2) errors occur from the first bit to the th bit and an error exists in the next bit.
Using , we recursively calculate the packet success probability . Since the packet length is a constant value of bits, the packet success probability is calculated by setting as follows: (21) where is the maximum number of correctable bits per packet.
On the other hand, the system throughput is defined as the average number of successful transmissions during the packet duration . The system throughput is thus obtained with consideration of the RS coding rate as follows: (22) Normalized throughput is then defined as follows:
IV. THROUGHPUT ANALYSIS OF DS/SSMA UNSLOTTED ALOHA SYSTEM WITH CLSP
A. System Description and Modeling
If the channel load (defined as the number of simultaneous transmissions) is controlled to reduce severe multiuser interference, considerable throughput improvement can be obtained, especially for a network where the multiuser interference is the dominant factor in performance degradation [3] , [12] .
In a system with CLSP, a hub station continuously senses the channel load and broadcasts the status information of the channel load. Fig. 4 depicts the transmission procedure when an MT in the idle state attempts to transmit a message. When a new message arrives and the MT is in the idle state, the MT sets the parameters , , and the backoff parameters, where is the number of access attempts and is the maximum number of access attempts. After an increment of , if is less than or equal to , the MT proceeds to monitor the channel load status information, which is the number of active transmissions. Otherwise, the MT discards the message. If the monitored channel load is below a certain threshold , the message will be transmitted. Otherwise, the message is either rejected or is backed off. Therefore, the number of ongoing messages on the channel is always less than or equal to .
In a system with CLSP, the system offered load is given by (24) where is the number of messages and is the probability that there are messages at a certain time, as obtained from (16).
B. Throughput Analysis
Because the number of ongoing messages on a channel is always less than or equal to , the number of interfering messages is always less than or equal to . The state transition of interfering messages is shown in Fig. 5 . The conditional state transition probability is the same as (12) if the number of interfering messages is less than . Otherwise, the value can be calculated as follows: (25)
The previously defined value of is given by for
where the probability is obtained from (19), and for Thus, in the system with CLSP, we can obtain the packet success probability and the throughput as follows:
Then, the normalized throughput of is given by
V. ANALYTICAL AND SIMULATION RESULTS
We now compare analytical results with simulation results of the DS/SSMA unslotted ALOHA system with variable length data traffic. We assume that the probability that two or more messages are transmitted during the bit duration is very small and can be neglected. Therefore, a packet collision does not occur due to the same spreading sequence since the hub station can differentiate the received packets [9] . That is, bit errors in a packet are caused only by multiuser interference and AWGN. Input traffic is assumed to be variable length data traffic with an average message length of 320 bytes, based on web traffic [7] . The data rate is assumed to be 9.6 kb/s [13] . The simulation parameters are summarized in Table I . Fig. 6 shows the system throughput versus the various values of . The infinity value of means that the effect of AWGN is neglected. Therefore, bit errors can only occur due to multiuser interference. Results show that the throughput of the DS/SSM unslotted ALOHA system with variable length data traffic also exhibits an ALOHA-like throughput versus the offered channel load . increases with but eventually decreases as becomes larger.
In Figs. 7 and 8 , the throughput versus the offered load of the DS/SSMA unslotted ALOHA system with CLSP is shown for various values of . Here, only multiuser interference is considered. For , the throughput is less than the system without CLSP because of overrejection of CLSP. When , the maximum throughput is obtained. In the case of , the throughput decreases under heavy traffic conditions and the same throughput as the system without CLSP is obtained for . These results indicate that determining the optimum threshold value of CLSP is important.
When bits per packet are correctable using the RS code, the throughput versus the offered load for various values of is shown in Fig. 9 . A significant throughput improvement is achieved by using bit error-correcting codes of only a few bits. The maximum 60% throughput improvement is obtained with one-bit error-correcting code. A throughput improvement of 145% is obtained using five-bit error-correcting code. At a low offered load value , the throughput of the system with coding is degraded slightly compared with the system without coding. This degradation, however, can be neglected. In the system with five-bit error-correcting code, the throughput versus the offered load of a DS/SSMA unslotted ALOHA system with CLSP is shown for various values of in Figs. 10 and 11 . While the throughput of the system with coding exhibits a variation similar to the variation of a system without coding, the optimum threshold to maximize the number of simultaneous transmissions (
) is approximately two times the threshold value of a system without coding ( ). These results show that a significant throughput improvement can be achieved by using error-correcting codes in a wireless channel with a high bit-error rate.
VI. CONCLUSION
Packet radio systems based on CDMA have received significant attention as a third-generation mobile communication system. Major data traffic types on the system will be e-mail, ftp, and web traffic with the characteristics of variable length data traffic. We analyzed the throughput of the DS/SSMA unslotted ALOHA system with variable length data traffic under the assumption that generated messages are divided into packets. The system has been analyzed for two cases: 1) systems without CLSP and 2) with CLSP. The throughput performance for various coding rates was investigated. When bit errors only occur due to multiuser interference, results
show that the maximum throughput improvement is 60% in the system with one-bit error-correcting code and that a throughput improvement of 145% is obtained in the system with five-bit error-correcting code. Also, an increase in the number of users who can simultaneously transmit messages is obtained for the system with coding. The optimum threshold to maximize the number of simultaneously transmitted messages is derived for the system with CLSP.
